Abstract. Activation of peroxisome proliferator-activated receptor γ (PPARγ) suppresses the proliferation of pulmonary artery smooth muscle cells (PASMCs) and vascular remodeling in rats and humans, and therefore improves the development of pulmonary arterial hypertension (PAH). However, molecular mechanisms underlying these effects have not been completely understood. In the present study, the effects of PPARγ activation in monocrotaline (MCT)-induced pulmonary artery remodeling in rats were investigated. Eighteen Sprague-Dawley (SD) rats were randomly assigned into three groups (n=6): Control (Con), PAH and PAH treated with rosiglitazone (MCT + Rosi). The right ventricular systolic pressure (RVSP), the ratio of the right to left ventricle plus septum weight [RV/(LV + S)], the percentage of medial wall thickness (%MT) and wall area (%WA) were used to evaluate the development of PAH. Tissue morphology was measured using hematoxylin and eosin staining. The protein levels of the phosphatase and tensin homologue deleted on chromosome ten (PTEN), Akt (ser473) phosphorylation (p-Akt) and total Akt in intrapulmonary arteries were determined by western blot analysis. MCT treatment significantly increased the RVSP, which was reduced by rosiglitazone treatment. The ratio of RV/(LV + S), %MT and %WA induced by MCT were similarly inhibited, which was associated with the increase of PTEN expression and the inhibition of Akt phosphorylation levels by rosiglitazone. In conclusion, activation of PPARγ ameliorates the proliferation of PASMCs and vascular remodeling by regulating the PTEN/PI3K/Akt pathway, suggesting that the activation of PPARγ has potential benefits for PAH.
Introduction
Pulmonary arterial hypertension (PAH) is a common clinical condition with a range of underlying etiologies characterized by pathological changes in the pulmonary arteries, which lead to significant increases in the pulmonary arterial pressure (PAP) and in the right ventricular hypertrophy (RVH). There is no cure for this disease and medical regimens are limited. All forms of PAH share a common pathogenesis characterized by vasoconstriction, pulmonary vascular remodeling and thrombosis in situ (1) . Vascular remodeling is majorly caused by pulmonary artery smooth muscle cell (PASMCs) proliferation and migration, which is critical to the pathogenesis of PAH, however, the mechanism of pulmonary vascular remodeling is incompletely understood. Therefore, preventing or treating the development of PAH via the inhibition of pulmonary vascular remodeling is an important strategy.
Peroxisome proliferator-activated receptor γ (PPARγ) is a family member of nuclear receptors, which consists of PPARα, PPARβ (also known as PPARδ) and PPARγ, and previous studies have suggested that PPARγ has broad protective effects on the cardiovascular system that surpass the regulation of adipogenesis and glucose metabolism (2) (3) (4) (5) . Activation of PPARγ plays an important role in anti-inflammation, anti-proliferation and anti-fibrosis, suggesting that activation of PPARγ may benefit a variety of diseases (6) (7) (8) . Evidence has been accumulating that activation of PPARγ may be a novel PAH therapeutic target. Studies have indicated that activation of PPARγ by rosiglitazone (Rosi), one of the most potent and selective synthetic agonists of PPARγ receptors, protects against PAH development in a series of experimental models (9) . However, the mechanisms underlying the inhibition of proliferation of PASMCs by activation of PPARγ have not been completely understood; therefore hemodynamic, histology and immunoblotting were performed in the present study to test whether the activation of PPARγ inhibits monocrotaline (MCT)-induced PAH in rats. Experimental protocols. The 18 SD (7-week-old) rats were randomly divided into three groups (n=6 in each group). Models of PAH rats were induced by subcutaneous injection of MCT (60 mg/kg; Sigma, St. Louis, MO, USA) on day 1, and another group model of PAH rats were orally administered Rosi (5 mg/kg/day; GlaxoSmithKline, London, UK) for 4 weeks until the rats were sacrificed. The control rats were subcutaneously injected with normal saline and orally administered the same volume of saline.
Measurement of the right ventricular systolic pressure (RVSP)
and RVH. At day 28, rats were anesthetized with 10% chloral hydrate (0.3 ml/kg, intraperitoneal injection). Following stable anesthesia, the right jugular vein was exposed and a polyethylene catheter (PE50) was inserted into the right atrium and right ventricle (RV) and the RVSP was monitored using a Grass polygraph (PowerLab; AD Instruments, Sydney, Australia). RVSP was assumed to be equal to the PAP in the presence of a normal pulmonary valve. The analog signals of pressure were digitized with a sampling frequency of 1,000 Hz and expressed in millimeters of mercury. The RVH was routinely checked to observe the establishment of PAH in the MCT-treated rats, which was assessed by the ratio of the weight of the right ventricle to that of the left ventricle plus septum: RV/(LV + S).
Tissue preparation and morphometric analysis of the pulmonary vessels. The rats were sacrificed following homodynamic measurements and the lungs were harvested. The right lungs were fixed in 4% paraformaldehyde overnight, sectioned at 5-µm and stained with hematoxylin and eosin (H&E). Explants of intrapulmonary arteries were isolated from the left lungs and stored at -80˚C for future use. Pulmonary vascular remodeling was evaluated by determining the percentage medial wall thickness (%MT) and wall area (%WA) of vessels (diameter, 50-200 µm) according to the method by Ochoa et al (10) and Wang et al (11) . The medial thickness of the vessel wall is defined as the distance between inner and outer elastic lamina. Vessel external diameter (ED), lumen internal area (IA) and average total vessel area (TA) were examined. The %MT was calculated as (2MT/ED) x 100 and %WA was calculated as (TA -IA)/TA x 100. All the analyses were performed in a blinded manner.
Western blotting. Lung tissues were lysed in radioimmunoprecipitation assay lysis buffer [50 mM Tris (pH 7.4), 150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 1 mM phenyl-methylsulfonyl fluoride, 1 mM Na 3 VO 4 , 1mM NaF and proteinase inhibitors]. Lysates were centrifuged at 13,000 rpm at 4˚C for 15 min and the supernatant was collected as total protein. The protein concentrations were measured using Pierce BCA protein assay kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Protein was separated on SDS-PAGE gel and transferred onto a Trans-Blot nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). Polyclonal antibodies against phosphatase and tensin homologue deleted on chromosome ten (PTEN; 9188S), p-Akt (13038S), total Akt (8596S; all Cell Signaling Technologies, Danvers, MA, USA) and rabbit anti-rat GAPDH (ABS16; Chemicon International, Inc., Billerica, MA, USA) (1:1,000 dilution) were used according to the manufacturer's instructions. Subsequently, the membrane was incubated with horseradish peroxidase conjugated with goat anti-rabbit IgG antibody (A0545; Sigma) (1:5,000 dilution), and reactions were developed with SuperSignal West Pico Chemiluminescent Substrate (Pierce Biotechnology, Inc., Rockford, IL, USA) and exposed to autoradiographic film. Signaling was quantified from scanned films using Quality One software (Bio-Rad).
Statistics analysis.
Values are presented as mean ± standard error of the mean. SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA) processing was used for statistical analysis. Data were analyzed using one-way analysis of variance followed by Tukey post hoc test analysis of variance. P<0.05 was considered to indicate a statistically significant difference between groups.
Results

Activation of PPARγ inhibits MCT-induced PAH.
To examine whether activation of PPARγ suppresses the development of PAH in rats induced by MCT, RVSP and the weight ratio of RV/(LV + S) were examined. As shown in Fig. 1 , RVSP was significantly increased in MCT-treated rats (40.32±3.44 mmHg) compared with the control rats (22.34±2.55 mmHg; P<0.05), and this was accompanied with the increased ratio of RV/(LV + S). The ratio of RV/(LV + S) in the model of PAH (0.45±0.03) was significantly increased compared with that in the control rats (0.15±0.02; P<0.01). However, treatment of the PAH model with the PPARγ agonist rosiglitazone for 4 weeks reduced the RVSP (32.44±3.12 mmHg; P<0.05 vs. MCT group) and ameliorated the ratio of RV/(LV + S) (0.34±0.03; P<0.05 vs. MCT group), suggesting that activation of PPARγ effectively suppressed the development of PAH.
Effects of PPARγ activation on MCT-induced pulmonary arterial remodeling.
To determine the mechanisms underlying activation of PPARγ inhibition of PAH, remodeling of the pulmonary artery was examined using histological analysis. Fig. 2A and B show that medial MT and WA were significantly elevated in small pulmonary arterioles in MCT-treated rats compared with that of the control rats. This was accompanied with the increase in cell number of PASMCs in the medial layer of the small pulmonary artery, whereas treatment with rosiglitazone suppressed these changes in the pulmonary artery in MCT-treated rats (Fig. 2C) , indicating that rosiglitazone inhibited pulmonary artery remodeling by suppressing the proliferation of PASMCs. Fig. 2D and E further indicated that %MT and %WA in rats of MCT-induced PAH were significantly increased, while the presence of rosiglitazone reduced these parameters in the PAH model (MCT + Rosi vs. MCT group, P<0.05), suggesting that activation of PPARγ inhibited the pulmonary vascular remodeling in MCT-treated rats.
Mechanisms of activation of PPARγ inhibiting PASMCs proliferation.
Activation of the PI3K/Akt signaling pathway is associated with a variety of types of cells proliferation, including PASMCs. Therefore, it is important to know whether activation of PPARγ by rosiglitazone inhibits PASMCs proliferation through negative regulation of the PI3K/Akt pathway in intrapulmonary arteries. Fig. 3A shows that the phosphorylation of Akt was increased with a 3.29-fold compared with the control in MCT-treated rats, while the level of Akt phosphorylation decreased from a 3.29-fold to 2.27-fold increase over the control in the rosiglitazone-treated model of PAH (MCT + Rosi vs. MCT group, P<0.05), suggesting that activation of PPARγ suppresses the proliferation of PASMCs by modulating PI3K/Akt signaling. 
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To further clarify the mechanisms of activation of PPARγ negatively regulating PI3K/Akt cascade, the intrinsic negative regulator of PI3K, PTEN, was examined. As shown in Fig. 3B , the endogenous level of PTEN was lower than the control in the MCT-induced model of PAH (MCT vs. control, P<0.05), while the co-treatment with rosiglitazone reversed the reduction of the PTEN protein level compared to the model of PAH (MCT + Rosi vs. MCT group, P<0.05), indicating activation of PPARγ regulation of the PI3K/Akt pathway by upregulation of PTEN.
Discussion
The major finding of the present study is that activation of PPARγ by rosiglitazone significantly induced the expression of PTEN, which in turn inhibits the PI3K/Akt signaling pathway, mediates the proliferation of PASMCs and subsequently suppresses pulmonary vascular remodeling and the development of PAH. The study provides a novel molecular basis whereby activation of PPARγ modulates vascular remodeling and treats PAH.
Vascular remodeling is believed to be the major contributor during PAH, which is characterized by enhanced proliferation and migration of PASMCs. Several signaling pathways are associated with the growth and apoptosis of PASMCs during PAH (12, 13) . For example, stimulation of human PASMCs with platelet-derived growth factor induced PI3K-dependent activation of Akt, p70 S6 kinase and ribosomal protein S6, suggesting that PI3K signaling is necessary to mediate human PASMCs proliferation and the activation of PI3K may play an important role in vascular remodeling (14) . In the present study, the level of p-Akt significantly increased in rats with MCT-induced PAH, along with the elevation of RVSP and right ventricle hypertrophy. Furthermore, the H&E staining showed that there was a significant increase of the proliferation of PASMCs and the vascular remodeling of pulmonary arteries in the MCT-treated group. Taken together, these results suggest that PI3K/Akt signaling pathway is responsible for the proliferation of PASMCs, pulmonary vascular remodeling and the development of PAH.
The PTEN tumor-suppressor gene is frequently mutated in numerous types of human cancer, such as pancreatic cancer, glioblastoma and lung cancer (15) (16) (17) . Previous studies have suggested that PTEN not only regulates cardiomyocyte hypertrophy and survival, but also regulates pulmonary smooth muscle cell proliferation and cell survival (18, 19) . Phosphatidylinositol 3-kinases (PI3Ks) are a subfamily of lipid kinases, which catalyze the formation of phosphatidylinositol-3,4,5-trisphosphate (PIP3) from phosphatidylinositol-4,5-bisphosphate (PIP2). The serine-threonine kinase Akt (also known as PKB) is a centrally important downstream effector of PIP3, which regulates proliferation, growth and survival (20, 21) . Previous studies have shown that PTEN plays an important role in the pathogenesis of diabetes and numerous cancer diseases, and further study has indicated that induction of PTEN by activation of PPARγ inhibits the PI3K/Akt signaling pathway-mediated proliferation of tumor cells (22) (23) (24) (25) . The present study showed that the expression of PTEN was significantly decreased in the MCT-induced group, along with the activation of PI3K/Akt pathway, and the accelerated process of PASMCs proliferation and pulmonary vascular remodeling.
PPARγ is one of the ligand-activated nuclear hormone receptors of the steroid receptor, and it has been shown to be involved in lipid metabolism and glucose homeostasis (26) . 
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Previous studies indicate that PPARγ also regulates cellular proliferation and differentiation and anti-angiogenesis and anti-inflammatory functions (27) (28) (29) . PTEN contains two PPARγ responsive elements within its promoter region, and PPARγ can bind to its putative PPAR response elements and regulate the expression of PTEN. Increasing evidence supports that the PPARγ agonists of the TZD class (rosiglitazone and troglitazone) inhibit PAH and pulmonary vascular remodeling in several experimental models of PAH (30) (31) (32) (33) . By contrast, targeted genetic deletion of PPARγ from endothelial or vascular smooth muscle cells is associated with the development of spontaneous PAH in mice (34) (35) (36) . Furthermore, recent studies showed that activation of PPARγ reduces PAH through regulation of the ET-1 receptors or alteration in miR-27a and ET-1 levels (37, 38) . The results of the present study found that rosiglitazone treatment decreased RVSP and the ratio of RV/(LV + S) in MCT-induced PAH in rats, and %MT and %WA induced by MCT were also similarly decreased in MCT rats, which was associated with the induction of PTEN and suppression of PI3K/Akt signaling cascades. Taken together, the present results identify that the activation of PPARγ suppresses MCT-induced PAH in rats, at least partly, by the regulation of the PTEN/PI3K/Akt signaling pathway, suggesting that the therapeutic potential of strategies targeting PPARγ will be beneficial to treat PAH.
